Hypothalamic neuropeptide Y (NPY) plays a central role in the control of food intake, energy balance, and modulation of neuroendocrine functions. In particular, an increase in NPY expression participates in the inhibition of the reproductive activity under poor nutritional conditions. The present study was designed to evaluate further the involvement of the Y1 subtype of NPY receptors in these effects. Food intake, body weight gain, and the onset of puberty were studied in groups of wild-type and Y1 deficient mice that were either fed ad libitum or subjected to a 30% restriction in food intake. This moderate feeding restriction induced a similar deficit in body weight gain in wild-type and in Y1 knockout mice. However, although wild-type mice experienced the expected delay of puberty, all mice in the food restriction group and lacking Y1 could go through puberty over the time of the experiment despite decreases in circulating leptin levels and increases in hypothalamic NPY expression. This observation demonstrates that the absence of Y1 impairs the perception of decreasing energy stores by the gonadotrope axis, demonstrating a physiological role for Y1 in the sensing of endogenous metabolic parameters by the hypothalamus.
NPY receptors can be distinguished pharmacologically according to their respective affinities for the NPY-PYY family of peptides (17, 18) . Five of them have been cloned, referred to as Y1, Y2, Y4, Y5, and y6. Among these, Y1 and Y5 have been implicated in NPY actions on food intake (19) and on the gonadotrope axis. The Y5 subtype is expressed by hypothalamic GnRH neurons (20) , and administration of a specific Y5 antagonist was found to block the NPY-mediated inhibition of LH secretion in vivo (21) . However, Y1-positive fibers are also found in close apposition to GnRH cell bodies in the preoptic area (22) , providing a morphological basis to suggest a physiological importance of this receptor (23) . The central administration of a Y1 receptor antagonist in juvenile rats or monkeys was recently reported to stimulate LH release and to advance the timing of the onset of puberty (24, 25) . These findings are consistent with our observation that Y1 mediates the inhibition of the gonadotrope axis resulting from high hypothalamic NPY expression (26) .
Leptin, the protein product of the ob gene, is synthesized and secreted by the adipocyte (27) . It is an important satiety signal acting centrally (28) (29) (30) , at least in part via an inhibition of hypothalamic NPY expression (31) (32) (33) and secretion (34) . Congenital leptin deficiency, whether in rodents or in humans, is accompanied by hyperphagic obesity and infertility due to hypothalamic hypogonadism (35, 36) . Consistent with the suspected role of leptin in this reproductive defect, its administration to either ob/ob mice or to leptin-deficient patients was found not only to correct their excessive food intake, but also to restore normal circulating levels of gonadotropins (37, 38) . Subsequent experiments performed in animals now concur to attribute to leptin a permissive role in the timing of puberty (39) (40) (41) (42) (43) .
Fasting or food deprivation represent conditions under which the individual's energy balance becomes negative. These situations are associated with an increase in hypothalamic NPY expression as well as secretion, which is consistent with its physiological role in feeding (44) (45) (46) . In addition, a negative energy balance is also associated with an inhibition of the neuroendocrine reproductive axis in mammals (11, 47, 48) . Therefore, given the potential inhibitory effects of high endogenous NPY levels upon the activity of that axis, it has been proposed that the inhibition imposed upon the gonadotrope axis by unfavorable metabolic conditions may be mediated by the concomitant increase in hypothalamic NPY expression (11) . This hypothesis has gained support from the observation that central NPY infusion in prepubertal rats is accompanied by a similar delay of puberty as food restriction (14, 49) . Therefore, hypothalamic NPY seems to act as a neurobiological gate controlling the onset of puberty, particularly under poor metabolic conditions. The restoration of normal circulating levels of leptin during an acute fast, which was shown to protect the gonadotrope function of adult mice, could at least partially result from a leptin-induced inhibition of NPY expression (31, 42) .
The aim of this study was to investigate further the physiological importance, for the central modulation of metabolism and reproduction in unfavorable metabolic conditions, of the hypothalamic NPY neuronal system and its downstream pathways involving Y1. Food intake, body weight gain, and onset of puberty were studied in juvenile female mice. These experiments were performed in groups of wild-type and Y1-deficient mice either fed ad lib or submitted to food restriction.
MATERIALS AND METHODS

Experimental design
Male and female Y1 deficient mice (Y1 −/− ) backcrossed for eight generations into the C57BL/6J genetic background (99.2% identity in background with C57BL/6J mice; 50) were used for the study of daily body weight gain from birth to weaning, with wild-type homozygote littermates as controls.
Puberty experiments were performed after weaning, in juvenile female mice lacking Y1, a Y receptor, and backcrossed for 10 generations into the C57BL/6J genetic background (99.8% identity in background with C57BL/6J mice) (Y1
−/−
). Wild-type controls were C57BL/6J female mice (Y1 +/+ , Iffa Credo, L'Arbresles, France). All animals were housed under standard conditions, subjected to a 14 h light/10 h dark cycle and fed a normal chow (Kliba, Kaiseraugst, Switzerland).
At Day 25 after birth, the mice were weaned and put into individual cages. On the next day, mice were separated into two different groups: a control group that was fed ad libitum for the entire experiment and a food-restricted group that was pair fed to 70% of the food consumed by the ad lib fed controls. All mice had free access to water throughout the experiment. Body weights and food intake were recorded daily.
Mice in all groups were examined daily between 10:00 and 11:00 a.m. for vaginal opening. On Day 50 of life, they were killed by decapitation. Trunk blood was collected in 10 mM EDTA and centrifuged, and the plasma was kept frozen at -20°C until use. Hypothalami were dissected out and flash-frozen in liquid nitrogen, while the uteri were removed and weighted, providing an index of exposure to sex steroid.
Assays and data analysis
Plasma luteinizing hormone (LH) was measured by RIA, using antisera and reagents obtained via the National Institute of Diabetes and Digestive and Kidney Diseases' National Hormone and Pituitary Program (a generous gift from A. F. Parlow). Plasma leptin was measured by RIA kit (Linco Research, Inc., St. Charles, MO).
Hypothalami were homogenized at 4°C, and total RNA was extracted with TriPure® (Roche Diagnostics, Rotkreuz, Switzerland) containing 1 µl of 20 g/l glycogen (Roche Diagnostics). RNA were subjected to DNA digestion (RNase-free DNase, Roche Diagnostics, Rotkreuz, Switzerland).
For quantitative RT-PCR, 2 µg of total RNA were reverse-transcribed by using Super Script II (Invitrogen-Life technologies, Basel, Switzerland). The cDNA samples were then subjected to serial dilutions in water and either were used immediately for real-time PCR (Light Cycler technology, Roche Diagnostics) or kept frozen at -20°C for further quantification. All PCR reactions were performed by using quantiTect SYBR green PCR (Quiagen AG, Basel, Switzerland) and the following primer pairs: NPY-forward: 5′ TCCGCTCTGCGACACTACAT 3′; NPY-reverse: 5′ TGCTTTCCTTCATTAAGAGGTCTGA 3′; GAPDH-forward: 5′ GTCGGTGTGAACGGATTTGG 3′; GAPDH-reverse: 5′ GACTCCACGACATACTCAGC 3′.
NPY mRNA levels were normalized to the expression of GAPDH. All data are expressed as means ± SEM, and statistical significances were assessed by two-way ANOVA. The effects of food restriction on the timing of puberty were evaluated in two different ways. First, the number of animals with or without vaginal opening was compared each day by a Chi square test. Second, the mean age at vaginal opening between the various groups was also compared. To estimate this number, Day 51 (the day after killing) was arbitrarily attributed to control mice of the food restriction group who had not had vaginal opening at the end of the experiment.
RESULTS
Phenotyping
Y1-deficient mice and wild-type controls had identical weights at birth, but they weighed less than wild-type controls at the time of weaning (Fig. 1) . This difference had disappeared at the time of puberty, the mean weights on the day of vaginal opening were 14.8±0.3 g for C57BL/6J and 14.2±0.4 g for Y1 −/− (Fig. 2) . This finding is indicative of an abnormal pattern of weight gain during the prepubertal period in Y1 deficient mice. In contrast, daily food intake of mice allowed free access to food and water was comparable between wild-type and knockouts (Fig. 2 , top panels).
Because feeding was identical between both strains, the amount of food allocated to wild-type and knockout animals in the food restriction groups was also identical (Fig. 2, top panels) . The daily evolution of body weights after weaning in the different groups is depicted in the bottom panels of Fig. 2 . Daily weight gains of the animals subjected to food restriction were significantly reduced in both strains (wild-type and Y1 −/− ) compared with their ad lib fed controls, but were similar between the two strains.
As circulating leptin levels are raised in adult Y1
−/− mice (26), we then asked whether such an increase was already present at a younger age, which could explain a resistance of the gonadotrope axis of juvenile Y1 −/− mice to food restriction. Plasma leptin levels at Day 50 of age in the different groups are illustrated in Fig. 3 (left panel) and indeed, Y1 −/− mice fed ad libitum had higher plasma leptin levels than wild-type controls (P<0.05). However, in Y1 −/− mice subjected to food restriction, these levels were not different from those in both wild-type groups. The right panel of Fig. 3 illustrates the hypothalamic expression of NPY in the different groups. Animals of both strains (wild-type and Y1
−/− ) submitted to food restriction had higher hypothalamic NPY mRNA levels than the ad lib fed controls, although not significantly so. Figure 4 illustrates the timing of puberty in the various groups. In wild-type controls (left panel), all fed mice (closed circles) achieved vaginal opening before Day 45 of age. When subjected to food restriction (open circles), these mice had a markedly retarded pubertal development. This is demonstrated by the small number of animals exhibiting vaginal opening at the end of the experiment (17% in the food restricted group vs. 100% in the ad lib fed group, P<0.0001). Plasma LH levels measured at killing (Fig. 4 , inserts) were significantly lower in food-restricted wild-type mice than in their fed controls, whereas they were not different between the two groups of Y1 −/− animals. Finally, the retarded pubertal development in food restricted wild-type mice was also associated with significantly lower uterus weights (0.8±0.05 mg/g BW vs. 3.3±0.6 mg/g BW, P<0.01), whereas these weights were not different between the two groups of Y1 
Puberty
DISCUSSION
In basal conditions, prepubertal Y1-deficient mice exhibit a defective weight gain despite a feeding pattern (at least after weaning) similar to that of wild-type controls. This observation confirms the phenotype of adult Y1 deficient mice which eat normally (26, 50) . However, adult knockout mice become obese because of an exaggerated accumulation of fat. Our results on body weight gain of juvenile animals now suggest that fat accumulation in Y1 knockouts does not start before puberty, implying a participation of gonadal steroid hormones to this metabolic defect. This is corroborated by the increase in circulating leptin levels measured at Day 50 in ad lib fed Y1 knockouts, which demonstrates that pathological increase in fat storage has begun by the end of puberty.
Poor metabolic conditions down-regulate the gonadotrope axis in mammals (11, 47, 48) , an effect at least partially mediated by hypothalamic NPY. Indeed, in situations of negative energy balance, increases in hypothalamic NPY expression and secretion (44) (45) (46) may result in a central inhibition of the activity of the gonadotrope axis (11, 31) . In the present study, restricting food access to 70% of normal intake induced the expected delay in the onset of puberty of juvenile female mice (47), confirmed by low circulating LH levels and significant decreases in the weights of their uterus, a reliable index of circulating estrogen levels. This delay, exemplified by the absence of vaginal opening in the vast majority of animals, was also accompanied by an increase in hypothalamic NPY expression.
The same experiment yielded markedly different results in mice deficient for the expression of Y1 in the food restriction group: All these mice could achieve puberty before the end of the experiment despite the food restriction. This observation is particularly remarkable when the two food restricted groups are compared: Both strains had identical body weights at killing, demonstrating that Y1 −/− mice could experience vaginal opening at a weight that was incompatible with puberty in more than 80% of wild-type mice. Also in sharp contrast to wildtype mice in the food restriction group, the circulating LH levels as well as the weight of the uterus of Y1 −/− mice were in the adult range and identical to those of the normally fed controls, confirming that they had gone through puberty by the end of the experiment. However, their mean age at vaginal opening was slightly delayed compared with their fed controls. Such partial correction suggests that other pathways, possibly but not necessarily independent of NPY, are also conveying informations about metabolic conditions to hypothalamic GnRH neurons.
The exact role of endogenous NPY in the neuroendocrine control of the timing of puberty is still debated. Early experiments showed that immunoneutralization of NPY in juvenile female rats could prevent puberty (9), suggesting a positive influence of NPY. In sharp contrast, other data show that the administration of exogenous NPY can delay almost indefinitely the occurrence of puberty (5, 11). As acute fasting has been associated with increases in hypothalamic NPY (31, 51) , the inhibition of the gonadotrope axis observed in unfavorable metabolic conditions has been linked to this increase in endogenous NPY levels (31) . In the present study, puberty occurred in Y1 −/− mice subjected to food restriction despite a decrease in peripheral circulating leptin levels and an increase in hypothalamic NPY expression. The changes in NPY expression were modest, possibly reflecting the achievement of a steady state of gene expression in experiments performed on a rather long term. In addition, the degree of food restriction imposed in our model was relatively modest compared with the total fast of two to four days applied in previous studies (31, 52) . However, one cannot exclude a technical limitation of our approach: by measuring NPY levels in the entire hypothalamus, potential opposite regulations of NPY in different areas may obliterate changes occurring in individual nuclei.
Despite this eventual limitation, our observation indicates that, in the absence of Y1, the gonadotrope axis appeared resistant to decreases in caloric intake. This result strongly suggests a physiological role for Y1 in the sensing of metabolic parameters by hypothalamic GnRH neurons, a finding consistent with previous data obtained in rodents and primates (24, 25) . Of course, puberty in rodents, in primates and in humans are different phenomena. The spontaneous timing of the onset of puberty in particular is very different in these species, precluding any direct comparison. However, the striking similarities existing between leptin-deficiency in rodents and humans (27, 35, 37, 38) indicate that the neuroendocrine mechanisms governing the activation of GnRH neurons in unfavorable metabolic conditions are probably very similar, thus validating the comparison with rodent models in this setting.
In addition, we demonstrated recently in adult mice the importance of Y1 in conveying the inhibition imposed by an acute fast upon the neuroendocrine gonadotrope axis (26) . In that study, the physiological role of Y1 in adult mice was also confirmed in leptin-deficient ob/ob mice, which exhibit a characteristic hypogonadism of hypothalamic origin (36) . A normal secretion of LH and testosterone could be restored by disrupting the Y1 pathways (26) , suggesting the existence NPY effects independent of a modulation of leptin levels. Taken together, these results demonstrate the implication of Y1 in mediating the inhibitory effects of high levels of NPY expression upon hypothalamic GnRH neurons, such as found under poor metabolic conditions. These data suggest that Y1 expressing cells are located downstream of hypothalamic NPY neurons, in a leptin-NPY-GnRH pathway important for the adaptation of gonadotrope axis activity to metabolic changes. This hypothesis is consistent with recent immunohistochemical data demonstrating the expression of Y1 by GnRH neurons (22) . It should be stressed however that our data do not rule out the involvement of other Y receptors in regulating GnRH neurons. In particular, Y5 has been suggested to play a role in controlling the activity of the gonadotrope axis. Indeed, in vivo studies using various selective agonists and antagonists suggest that the profile of receptor subtype mediating NPY-induced inhibition of reproductive functions most closely resembles that of Y5 (21, (53) (54) (55) . Finally, more recent data have shown that the crossing of Y4 −/− mice onto the ob/ob background greatly improved fertility of ob/ob mice (56) . These data would suggest that Y4 is also involved in the NPY-induced inhibition of the gonadotrope axis. However, they are contrasting with other studies using a pharmacological approach and suggesting that the stimulation of Y4 is activating that axis (57, 58) . Further studies will probably be necessary to clarify these issues.
In conclusion, we have demonstrated that the lack of Y1 receptors markedly impairs the sensing of poor metabolic conditions by the neuroendocrine reproductive axis. This observation implicates Y1 in the mediation of the effects of increases in hypothalamic NPY on the gonadotrope axis. Based upon the present results as well as previous data obtained in the same knockout model (26), we propose that Y1 is an important, if not the major Y receptor involved in this effect. 
